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(57]  ABSTRACT

A process for the fractionation of liquid solutions of
protein mixtures which includes the steps of subjecting
“such solutions to electrodialysis in the pH range 4.8 to
6, until desalting of the solution commences, said elec-

~ trodialysis being conducted at temperatures below
15°C; and continuing said electrodialysis until the spe-
cific resistance of the mixture exceeds 1000 ohm-cm
whereby a fraction of said protein mixture precipi-
tates; and recovering the dialysate. Another aspect of
the invention is an albumin concentrate for use in the
preparation of plasma extenders, having at least 90%
albumin, free from salts euglobuhns and euglobulin-

like materlals

20 Cla‘ﬁims, 3 Drawing Figures
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FRACTIONATION OF PROTElNS BY ELECTRICAL
| ~ MEANS

FIELD OF THE INVENTION

This invention relates to the separation of complex
protem mixtures and more particularly to the fraction-
ation and partial resolution of such mixtures by combi-
nations of electrodialysis and at least one of the follow-
ing steps: forced-flow electrophoresis, electrodecanta-—
tion and alcohol preupltatlon

BACKGROUND OF THE INVENTION

Biological fluids usually contain a mixture of several
proteins, and one of the major achievements of modern
biochemistry is to have devised methods for their sepa-
ration. Best example if blood plasma or serum, where
methods are available for identification and separation
of at least 25 major protein components (Schultze and
Heremans: Molecular Biology of Human Proteins, El-
sevier, 1966). Other examples of naturally occurring
complex proteins mixtures is milk or whey, urine, spi-
nal fluid, egg white, etc. |

For the purpose of the present disclosure, it is helpful
to define the following protein nomenclature, the clas-
sification being based on their solublllty in a variety of
solvents: (1) albumin is the major protein component
of plasma, serum, and egg white, and is characterized
by being soluble both, In half—saturated ammonium
sulfate and in distilled water; (2) globulins are those
proteins of plasma or other brologrcal fluids which
precipitate in half-saturated ammonium sulfate; (3)
euglobulims are those globulins which are not only pre-
'c:1p1tated in half-saturated ammonium sulfate, but also
in deionized water, as they apparently need some salts
to be soluble. Obvrously, thls classification is arbitrary,
though widely used in protein chemistry, as the solubil-
ity of all proteins depends also on the pH of the solu-
tion, temperature, and other solutes present, such as
alcohol; (4) euglobulin-like materials; the term “‘eu-
globulm like” is used herein for those protems which
precipitate in deionized aqueous solutions only in pres-

ence of various amounts of alcohol. These proteins are -
not true euglobulins, being soluble in deionized water

in absence of alcohol, yet they possess some of the
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‘characters of the euglobulins, being solubilized by even .'

low concentrations of salts.

It will further help to define, for the purposes of this
invention, the followmg electrlcal membrane pro-
cesses:

S ¥ Electrodralysm 1S pnmarlly used for the desaltmg of

aqueous solutions. Uusally, this is accomphshed by |

‘means of ion:selective membranes said mem-

2

followmg two sections, some electrodialysis is. un-
avoidably superimposed to other effects sought,
‘being a direct result of the passage of electrical
current. For the purpose of the present invention,:
the term electrodialysis will be reserved to these
electrical processes, the primary purpose of which
is desalting, preferentially accomplished either
with ion-selective membranes or wrth the use of
polyelectrolytes. | L
2. Electrodecantation is an electrical proeess for.
concentration and separation of a variety of col-
loids including proteins as taught in U.S. Pat. Nos.
2,057,156, 2,292,608, 2,762,770, 2,800,448,
2,801,962. These teach devices whlch__ contain . a:
multitude of essentially electrically-neutral mem-
branes in a parallel array, the colloids or proteins
accumulating under the influence of the electrical
current or fields in the immediate neighborhood of
said membranes and are decantable along said
membranes as a result of density gradients. An_
analogous method is sometimes referred to as elec-
trophoresis-convenction (in U.S. Pat. = No.
2,758,966), where usually only a single parr of
| electrrcally neutral membranes is employed for the
- purpose of creating electrodecantation in the pro-
tein solution. These techniques have been widely
used for protein fractionation, principally forprep-
aration of gamma globulins, these proteins of
 plasma being isoelectric and not decanting. This
technique has not been taught for the preparation
- of serum albumin, the most mobile of plasma pro-
teins (in terms of electrophoresis). Among the
objectives of the present disclosure is to teach utili-
zation of such techniques for fractionation for the

~ preparation of serum albumin.

~ 3. Forced-flow electrophoresis includes devrces simi-

lar to those for electro-decantation, which also

~ utilize a parallel array of electrically neutral mem-
- branes, but the partitions are located between ad_]a-—

~ cent pairs of membranes. Such partitions permit
- better control of flow patterns within the appara-
tus, and also act as diffusion barriers. Two such
“electrophoresis devices are described in U.S. Pat.

~"Nos. 2,878,178 and 3,079,318, and the technique
45

~also 1s descrlbed as “‘forced-flow electrophoresis”™

by M. Bier; “Electrophoresrs Academic Press,
1959, page 295. |
The processes of electrodecantation and forced flow

| elect*opheresrs are similar in principle and results and

S0

 branes allowing preferential passage of either post-

tively or negatively charged 10ns, as described in a
- variety of patents including U. S. Pat. Nos.

2,694,680, 2,848,402, 2,860,091, 2,777,811. The‘

- fusefulness of this technique for the. separation. of

~ proteins has not previously been recognized. lon-
. selective membranes can' also be' substituted by

essentrally electrically neutral membranes, with

" inclusion of polyelectrolytes into certain compart-

55
~ globulins, either from human or animal origin will be

for purposes of convenience will be often referred to

“herein as electrofield separations. As set forth below

they may be used mterchangeably

‘The most important protein products of commerce -

“are those obtained from human or animal plasma or

serum. Two such proteins, serum albumin and gamma

 used as the principal examples but the scope of this

60

" invention can also be applied to other biological fluids

- or other proteins without modification. The present
‘commercial methods of obtaining these fractions are

" based on alcohol fractionation, a process developed by

" Cohn et al and described in U.S. Pat. Nos. 2,390,074,

ments, ‘these polyelectmlytes becoming polarized

along the membranes under the influence of an
electrical field, thereby conveying to the neutral
membranes an element of ion-selectivity as taught
in U.S. Pat. Nos. 3,677,923 and 3,725,235. In other

| -electncal membrane processes, drscussed in the

65

2,770,616. This technique is essentially based on se-
quential precipitation of various protein fractions by
alcohol, under controlled conditions of temperature,

~ alcohol content, pH, and salt content as summarized by

'C. A. Janeway, Adv. in Internal Med. 3, 295, 1949.
This technique requires a large installation, the yield of
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certain fractions 1s low, 1t requires prolonged exposure
of proteins to high alcohol content, which has a dena-
turing effect on some protein fractions. The technique
1s also limited to production of certain fractions of
plasma only; other protein fractions are not recover-
able 1n sufficient states of purity.

THE INVENTION

The present invention relates to the fractionation and
partial resolution of protein mixtures, principally mix-
tures such as but not exclusively plasma, serum, or their
derivative fractions, using one or more of the electrical
processes above defined, either alone or in combina-
tion with each other, and in combination with alcohol
fractionation. The fractionation scheme of this inven-
tion permits far greater flexibility in terms of fractions
obtainable as the electrical processes can replace some
or all of the fractionation steps in conventional alcohol
fractionation, resulting in substantial savings of money,
time, installation costs, and provide increased yield of
products. More specifically, the invention includes:

I. the process of fractionation of proteins including
plasma or plasma fractions, comprising causing the
precipitation of an euglobulin fraction by means of
electrodialytic desalting under controlled condi-

“tions of temperature, pH, and conductivity and
recovering the dialysate.

2 the process of fractionation of protems including

~plasma or plasma fractions, comprising precipita-
tion of an euglobulin-like fraction by means of

- electrodialytic desalting under . controlled condi-
tions of temperature, pH, conductmty, and alcohol
content.

3. process of fractionation of proteins including
plasma or plasma fractions, comprising preparation
of an euglobulin-like precipitate by electrodialytic
desalting under controlied conditions of tempera-
ture, pH, conductivity, and alcoho! content, fol-
lowed by selective dissolution of albumin-enriched
fraction by re-adjustment of temperature pH con-
ductivity, or alcohol content.
‘4. process of plasma fractionation, comprising the
- steps including a first precipitation by alcohol, a
second step of electrodialytic desalting of the su-
_pernatant of said first precipitation, said second
~step causing precipitation of an euglobulm like
- fraction, an elective third step comprising selective

dissolution of an albumin rich fraction from said

euglobulin-like precipitate, and a last step of alco-
hol precipitation of an albumin-rich fraction from
the combined supernatants of electrodialytic de-

- salting step or, alternatively from the combined
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supernatants of the second step and the. electwe- |

~ third step of fractionation. |

3. process of improving fractionation of protem mix-
tures by electrodecantatlon or forced-flow electro-
'phorems comprlsmg the reduction of their salt
content threugh prior electrolytic desalting, said
desalting causing also precipitation of euglobulins
or euglobulin-like materials.

~ 6. process of improving fractionation of protein mix-
- . tures by electrodecantation or forced-flow electro-

~ phoresis, comprising the reduction of their salt

content through prior desalting, and subsequent

addition-of a buffering salt, said buffering salt being
an ampholyte such as glycine, said desalting caus-
1ng also precipitation of euglobulins.

55

4 |

7. process of plasma fractionation, comprising a first
precipitation by alcohol, a second step of electrodi-
alytic desalting of the supernatant of said first pre-
cipitation, said second step causing precipitation of
an euglobulin-like fraction from said euglobulin-
like precipitate, and a last step comprising the se-
lective concentration of an albumin-rich fraction
by means of electrodecantation of forced-flow
from the supernatant of the desalting step or alter-
natively the combined supernatants from the de-
salting and the elective third step of fractionation.

8. products of manufacture suitable for use as plasma
expander, and comprising at least 90% of albumin,
obtained by above processes, in particular by pro-
cesses 4 or 7.

These and other aspects of the invention will become

clear from the following detailed description.

- DETAILED DESCRIPTION

A. Electrodialysis 1s widely used for desalting of
aqueous solutions. In the field of proteins it has re-
cerved usage in desalting of milk, whey (U.S. Pat. Nos.
3,433,726; 3,447,930; 3,593,766; 3,757,005;
3,754,650), but these patents have no relations to pre-
sent invention, as they are only concerned with reduc-
ing the salt content of whey, rather than with the incor-
poration of the desalting process into a complex
scheme of fractionation..

It is also well known that desaltmg causes precipita-
tion of euglobulins. The U.S. Pat. Nos. 2,669,559;
2,761,809; 2,761,811; 3,234,199 and 3,429,867 dis-
close the application of desalting by means of ion ex-
change resin beds, for purposes of plasma fraction-
ation, but this process has too limited flexibility in
terms of products obtainabie to be of significant practi-
cal value. In addition, ion exchange columns are diffi-
cult to maintain in suitable state of cleanliness and
sterility necessary for protein fractionation.

It 1s the essence of this invention that it was discov-
ered that electrodialytic desalting can be a valuable

tool in an overall scheme of plasma fractionation, if

used In conjunction with other techniques, because the
results of combining vartous techniques together in-
creases the usefulness of each in a prevnous]y unsus-
pected manner. Spemﬁcally

Addition of various amounts of alcohol to desalted
proteins causes additional precipitation of unstable or
euglobulin-like proteins. The process is not quite iden-
tical to alcohol fractionation of proteins, because the
quality and composition of the precipitated fraction if
inordinately sensitive to temperature, pH, and smallest

- quantities of electrolyte, characteristic of all euglobulin

fractionations. The value of this discovery is particu-

larly significant in as much as the current scheme of

alcohol fractionation separates, in the first step, a so-
called Cohn fraction II and I, the precipitate compris-

~ Ing most of the gamma globuhns The supernatant con-

tains approximately 20% of alcohol already, and if this

- 1s now desalted, one obtains a precipitation of euglobu-

60

lin-like fraction which contains most of the remaining

- globulins of plasma (called alpha and beta globulins),
~ which are undesirable in the preparation of serum albu-

min. Moreover, because of the danger of hepatitis in-

~fection, it is hlghly desirable to prepare the gamma

65

globulins in the time-honored manner by alcohol frac-
tionation, the resulting product being non-infectious.
Thus the use of electrodialytic desalting fits into the
present scheme of fractionation by providing a gamma



3 972 791

5

globulm product prepared by presently acceptable .
methods, and additionally offermg a shortcut in albu-

min preparation. Hepatitis is not a problem 1n albumin
preparattons as they can be pasteurtzed by heat treat-

ment as taught in U.S. Pat. Nos. 2,705,230;2,958,628.

 In addition, because of the inordinate sensnmty to
temperature, pH and ionic strength of the composition

of euglobulm fractton this fraction can easily be used

to. provide a variety of subfractions, yielding products

uséful for the preparation of other plasma fractions.
The euglobulin-like fraction obtained at 20% alcohol

content also contains a significant amount of albumin.
which can be recovered by selective dissolution, as
shown in the examples Again from such a source a.
further variety of fractions can be obtained. It is not >

necessary to first separate the euglobulm-hke fraction

from its supernatant to effectuate selective dissolution,

but the pH temperature, conducttylty, or alcohol con-
tent of the desalted protem mixture can be adjusted in
a multitude of ways, again to be explained in the exam-

| ples showmg that a new and versatile tool of fraction-

ation 18 obtained when combining the before-men-
tioned. factors of alcohol content pH conductwrty and

temperature

It 1s also not necessary that the ﬁrst step In the frac-

tionation be an alcohol precipitation step, say the Cohn
fraction II ‘and II separation. This procedure only fits

best in the present scheme of gamma globulin prepara-

tion. But it is also possible to first desalt the plasma,
separate or not separate the euglobulins formed, and

10

20

s

rted out in the range of between 50 000 and 200 000

ohms cm. |
Temperature plays a mgmﬁcant role In the precipita-

‘tion of the euglobulin-like fraction. Most of the frac-

tionation is carried out in the temperature range of

“below 5°C, but subfractionation of the euglobulin- like:

fraction can be carrted out at temperatures from about' -
15°C and lower. - T '
Summarizing, then, the opttmal fracttonatron of pro-
teins by electrodialytic desalting is obtained within the
following narrow ranges of conditions: temperature’
below 15°C, pH.5.3 plus minus 0.2, resistance above;_

100,000 ohms-cm. The influence of these parameters '.

will be made more spec1ﬁc in examples of actual frac-;ﬁf'
tionation. o S |
The equlpment for carrying out electrodtalyttc frac-—" |
tionation is not of critical design, and several commer-
cial instruments can be utilized. Most of the experi-
ments reported here were carried out with instruments

 obtdined from the lonics Corp., B Watertown, Mass. It'l' |

i$ important to properly select paired ion exchange
membranes which will cause proportlonate removal of

positively and negatwely charged ions from solution,

thus avoiding excessive changes in pH values. This has -

been obtained with the Ionics Corp. membranes. Other
instruments, would no doubt give equally good results,
and in some of the work home-made apparatus was

~used, similar to that described in U.S. Pat. Nos.

30

‘then add alcohol to the desalted plasma, to bring about

additional precipitation 'of euglobuhns -like fraction.
This euglobulin-like fractlon prec1p1tates already  at

10% alcohol content while the Cohn fracttonatton |

requ1res twenty percent of alcohol content for its first
step, thus significant amounts of alcohol can be sayed

This fractionation scheme is partlcularly attractwe if |

only albumin is desired, and not gamma, globulms as is
the case with many animal sera, where albumin is the

if separation of the so called macro—globuhns or IgM

immunoglobulins is desired. These are presently lost in

the scheme of .Cohn alcohol fractionation, but can
easily be recovered in the first euglobulin fractton

o ;f‘bemg insoluble even in absence of alcohol. - o
Opttrnal precrpltatlon of euglobulins or euglobulm-_' o
o llke proteins occurs at their isoelectric points, whichis
- the: point of their least solublltty It is characteristic of -

~ properly carried out electrolytic desalting procedures

that the final mixture automatically' comes to the pH.
L -.correSpondlng to the average isoelectric point of pro-

" teins in.the mixture, as all free 10Ns are remoyed and

. only protelns are retained. In’ the case of plasma, this |
35

~ corresponds to a pH of 5.3 +0.2 pH units. Because of
~ protein-protein interaction, there is co- prectpltatton of

- . several proteins; ‘but the composition of the precipitate

© . . .can be altered and: modified by: adjustmg the.pH to.a
~ T range’ of pH values from pH 6 to 4.8, thereby srgmﬁ-'-_.:_; T
.. cantly altering the composition of the precipitate, and 60
. permitting- selective precipitation of certain proteins,
-+ _including the aforementioned macroglobulms gl
L Preclpltatron of euglobulms in plasma begins. at’ a

"spec1ﬁc resistance of above- 1,000. ohms.cm, but in-
' 65

- creases progresswely until ‘maximum. desaltmg For

best fractionation of euglobulms or. euglobulin-like
- fractions, a resistance in excess of 50, 000 ohms.cmis

- necessary, most of the fractlonatrons havmg been car-;'

35

3,079,318 and 3,677,923. Desaltmg can also be carried

out using the process described in the just menttoned

U.S. Pat. No. 3,677,923, thus: avordtng the necessrty of

using ion-exchange ‘membranes. |
The protein solution is conttnuously c1rculated

through' the electrodlalysrs apparatus, refrtgerated by
means of heat exchangers, and a d.c. electric field su-

~ perimposed across the membranes to cause electrodial-

o 40
~ most significant product of commerce. It is also useful -

45

30

. ysis. The electrolyte brine bathes the alternate sides of ©
the membranes, and gradually becomes more salt con-
centrated as it receives the salts from plasma This
brine can be of any usually suitable composition. Its, .
composition or conductmty s not crlttcal to the pro-

Cess. | - -
~ In ‘most fracttonatlons usmg 1on exchange mem— T

_branes, a solution of about 0.5 gms/liter of sodium.. o
chloride was employed. Other electrolyte soluttons_}‘._..--_
'- have been equally. acceptable. | | N

n expenments based on electrtcally neutral mem-»_,

:.branes the “brine” was a 0.2% solution of polyacrylic ==
~ acid, adjusted to pH 6 with sodium hydroxide. For best
_temperature control, the brines are also cooled by cool— S
. ',mg means such as heat exchangers. -
7 With a properly ‘balanced system the pH of the---:=.__ o
| plasma gradually decreases toward its average isoelec-+
~tric point of pH 5.2 = 0. 2. Precipitation begins at a =
specific resistance of about 1,000 ohms-cm,anda pH
- of about 5.6. If the starting product is not plasma, but . .
an alcohol—precrpttatton -derived fraction thereof, pre- . .
2c1p1tatton occurs: when a resistance of about 6 000+ -
“ohms-cmis reached, as some of the euglobulms have:-'i-;_'*-n:

60- already been eliminated. In either case, precipitation is -
. most’ complete at highest p0551ble desaltmg, .when the"'_f'-- o
.f--resmtance is above 100,000.ohms-cm.” "~ AT
The protein should be circulated ylgorously through S
the appropriate chambers of the electrodialytic appara- - -
tus, in order to provlde maximum turbulence within the-".
“apparatus. This is well established in the art of electro-'_ B
~dialysis. A circulation pressure of 25 lbs/sq. in. was®
employed in most expertments ThlS turbulence is also;' D
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necessary to prevent deposition. of precipitating pro-

teins within the apparatus thus clogging of its channels
of flow. | | |

In order to minimize the cloggmg problem 1t 1S also_

possible to install a continuous centrifuge in the flow
circuit. of the protein solution.

Precipitation of euglobulins is rapld and their com-
plete centrifugation is obtained at relatively low speeds
of centrifugation, 2,000 rpm being sufficient. This ex-

pedient has.certain advantages, as it enables fraction-

ation-of the euglobulins as they are being formed, by

collecting and segregating the precipitates separately at
the different pH or resistance values. It is also advanta-
geous to Insert into the pathway of protein circulation

suitable monitoring instruments for automatic or oper-

ator -actuated monitoring for control of pH, resistance,
and temperature during the desalting process.

. Should clogging.of any part of the apparatus become |

apparent as indicated by a sudden increase of pres-
sures, this can be easily remedied by adding a suitable
al_kahmzmg agent, such as sodium hydroxide solution in
amounts to raise the pH of the protein solution above
pH 6. This causes rapid dissolution of all prec1p1tates
This declogging does not cause great delay in-the over-

all process of desalting. E,lectodlalysm of sodium ions is
much more rapid than that of many other 1ons.in the.

protein solution. The overall time requirement for

complete - desaltlng 1$ mainly limited by these slower

electrodialysing ions and not by the sodium ions. Thus
it 1§ possible to completely desalt the protein mixture,

then add sufficient alkali to redissolve all the precipi-

10

15

20

Q
agement of the protein solutions, i.e., it can be main-
tained throughout the experiment at below about 5“ or
10°C.
Sanltatlon is of utmost importance in protein frac-
tionation. The complete electrodialyzer apparatus, all
connections, tubmg, pumps, etc., are sanitized in situ

by conventional procedures, such as rinsing with dilute

sodium hydroxide, hydrochloric acid, hypochlorite or
other suitable agents. Rinsing with sodlum hydroxlde 1S

preferred as it is also an effective means of removmg
prec1p1tated proteins. -
B. Both, forced-flow electrophoresrs and electro-
decantatlon have been used for fractionation of plasma
proteins as taught in U.S. Pat. Nos. 2,801,962;
2,878,178; 3,079,318. The usual objective has been
the isolation of gamma globulin. The reason for this
focusmg on gamma globulin is that these methods are

easily and directly applicable because gamma globulin

1S 1soelectr1c or near isoelectric over a relatively broad
pH range around neutrality. The above two methods
essentrally differentiate only between isoelectric and
mobile components In both methods, the mobile
components are brought to electrodecant, and the

25 supernatant is composed mainly of isoelectric or

- near isoelectric components, which (by definition of

30

tates (which of course, decreases the resistance), and

then obtain a final product in a further, final pass
through the electrodialyzer, by which the added so-
dium hydroxide will be removed. This avoids accumu-
lation of the precipitate in the apparatus. Most of the

precipitation being sufficiently time delayed, it occurs

only after exit-from the dralyzer

Another method to avoid precrpltatlon and cloggmg

wrthm the apparatus Is by a penodlc reversal of current
polarity. | | -

-.Because of the requirement of numerous recircula-

tions of the plasma through the apparatus before com-
plete desaltlng is obtained, the process is essentially a
batch process. However, it can be rendered semi-con-
tinuous, by a sequenced operation wherein an interme-
diary vessel receives a portion of the total protein solu-
tion, this portion . is then completely desalted by re-
peated circulation - through the electrodralyzer ~and
then replaced by a new batch, as is well known in the

art of process automation. By sequencing the passage
of the protein solution through successive dialysis

chambers the salt content in each successive chamber
1S reduced unti] the final chamber where the salt con-
“tent 1s at a mlnlmum

- The power requirement for the electrodralysrs is not
‘critical. Most of the experiments have been started with

a current density of about 0.03 amps/cm?, necessitating

less than 25 volts/cm. As the resistance of the electrodi-
alyzer progressively increases, due to increased resis-
tance of the protein solution, the voltage is gradually
increased up to 100 volts/cm. Final current density is
low, usually less than about 0.03 amps/cm The main

limitation to the power is that is causes heating of the
solution. Control of the total power input is based upon

monitoring the temperature of the effluent streams.
The temperature can be maintained below any desired
value, consonant with the stability and sanitary man-

335
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the term ‘“‘isoelectric” — having equal positive and
negative charge, i.e. having zero net charge) are not
affected by the - applied electric field. The decanting
fraction contains most of the albumin, which is the
electrophoretlcally most mobile major component of
plasma. Albumin so fractionated however is heavily
contaminated by globulms of intermediate moblllty,
broadly referred to as alpha and beta globulins.
These methods of forced-flow electrophoresis or

| _electrodecantatlon have not yet found application for

commercial production of gamma globullns or any
other plasma fractions. The reasons for lt are numer-
ous, and include: |

‘1. Gamma globulm 1S not in short supply More albu-

‘min is required than gamma globulins.

2. The Cohn alcohol fractionation method yields a
product free of infectious hepatitis agents. It 1s-not yet
certain whether other methods, such as the above elec-
trical processes, would consistently yield an equally
safe product As a result, many legal specifications
require the alcohol fractlonatlon process. In view of the
abundance of this product, there are few lncentwes to
change the process.

Equally important are, however, some purely techni-
cal shortcomings of these two electrical processes,
which are overcome by the present invention:

1. Plasma ‘contains a number of relatively unstable

| __p'roteins, which precipitate readily, either as a result of

53
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low inherent solubility or because of denaturation. As a
result, when ‘plasma is used, longevity of the multi-
membrane assemblies, used in these two electrical pro-
cesses, is limited because membrane fouling occurs as a

- result-of precipitation. As the assembly of these multi-

membrane apparatus is an important cost element, this
renders the processes expensive. By practice of this
invention this problem is completely eliminated by
either of the two treatments discussed in previous sec-
tions: (a) alcohol prefractionation resulting in the so-
called Cohn fraction II + III supernatant, or (b) the

- electrodialytic ' desalting. Either of these two initial

fractionation steps eliminate the unstable proteins, and
no traces of membrane fouling 1s observed. |

2. Though the membranes employed in these two
processes of electrophoresis and electrodecantation
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are essentially electrically neutral, their character 1s
altered as a result of protein polarization along the
membranes caused by the electrical field, as observed
and explained in U.S. Pat. No. 3,677,923. An element
of electrodialysis is thus superimposed upon the frac-
tionation process, and there is partial desalting of the

“isoelectric” fraction causing premature precipitation..

Euglobulins tend therefore to precipitate, and contrib-
ute to the aforediscussed problem of membrane foul-
ing. Obviously, this problem is avoided in the present
“invention, as all euglobulins have been eliminated In
the electrodialytic desalting. - |
3. Plasma has a high salinity, corresponding approxi-
mately to 0.9% sodium chloride. This severely limits
the electrical field which can be applied because the
Joule heating caused by the electrical field 1s propor-
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tional to the conductivity, i.e. salt content, of the pro-

cessed fluid. As a result, the processing rates are low
(being again proportional to the field applied), and, at
best, marginal, from a commercial point of view. Dilu-
tion has been advocated to remedy the high salt con-
tent in U.S. Pat. No. 2,878,178, Example 3 but this 1s,

20

at best, a palliative effect, and it commensurately in-

creases the volumes to be processed.
In the present invention, this problem is entirely elim-
inated. The effluent of the electrodialytic desalting has

no residual salts — and thus excessive heating as a

result of the electrical field, is avoided. Heating is dele-

terious, of course, because of purely sanitary consider-

ations as well as causing chemical degradation. Higher
electrical fields can be applied by the process of this
invention thus resulting in faster production rates, mak-
ing the process economically more attractive.

4. Most of the salt content in plasma is actually so-
dium chloride, which has no buffering action at the pH
‘range where protein fractionation is carried out. Thus,

the pH of processed fluid is poorly controlled with

resulting uncertainty regarding the actual sharpness of
the fractionation, as the electrophoretic mobility of
proteins are strongly pH dependent. The addition of
suitable buffers to untreated plasma can ameliorate the

situation, but is also adds to the overall conductivity of

the solution, which, as outlined above, is highly unde-
sirable. Prior desalting of the liquid being processed

25
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permits the suitable addition of any number of buffers,

such as phosphate, tris (hydroxymethyl) aminometh-
ane, glycine, and others, which exert their maximum
buffering action in the desired pH range, while main-

taining the conductivity of the medium at an order of 50

‘magnitude lower than that of untreated plasma. For
this purpose, particularly suited and preferred are am-
‘photeric buffer salts, for example glycine, which while
- stabilizing the pH, do not contribute significantly to the
conductivity of the medium. Other amphoteric sub-
stances are the various other amino acids, including

~ alanine, or di or tri-peptides, including glycylglycine

and glycyl-glycyl-glycine. Such products are readily

isoelectric points. - o .
5. Prior investigators have been unable to use tech-
‘niques such as forced-flow electrophoresis of elec-
trodecantation for the production of any other plasma
fractions except gamma globulin. Albumin, in particu-
lar, was not possible to prepare in sufficient purity for
‘use as a plasma expander, by any of the previous inven-
 tigators. This has been remedied in the present inven-
‘tion, as a result of: S

‘available in commerce, and provide a sutiable range of -
| _ | oL 60

33

by the Millipore or Gelma Corp., or certain type of
“battery separator elements as utilized by the Mallory |
Corp. P T
" The essential difference between filters and mem-

10
~ a. elimination of the precipitate of the Cohn Il and 1II |
fractionation steps; . - |
b. the precipitation of euglobulins or euglobulin-like
materials by electrodialytic desaiting; |
c. by the improved conditions prevailing during the
fractionation as a result of the lower salt content
and introduction of appropriate buffer into the
‘processed fluid, as explained under 3 and 4 above;
and '- | D -
d. finally, by permitting the use of special conditions
~ during the fractionation itselt. -~~~ -
 These special conditions (d) merit more detailed
discussion: | | | N
In either electro-decantation or forced-flow electro-
phoresis, the influent stream is divided into two frac-
tions. The most mobile components are segregated into
the decanted fraction, at the bottom of the membrane-
defined compartments. These include the desired albu-
min fraction. The less mobile or isoelectric compo-
nents, are segregated to the top of the membrane-
defined compartments. The relative distribution of
components in the two effluents, which will be referred
to, for brevity’s sake, hereinafter as the top and bottom
effluents, is a function of many factors, including the
applied field, conductivity, temperature, relative con-
centrations and the mobility of each component of the’
mixture. o I
* As a rule, at constant top flow, the slower the bottom

flow the higher its total protein content. It has now

been discovered that paralleling this increased concen-

tration of protein, there is also an increased purity of

the albumin fraction, recovered in the bottom effluent.
For optimum protein concentration, it is necessary to
maintain the bottom effluent at a concentration be-
tween 15-25% total protein content. This is preferably
achieved by maintaining the top to bottom flow rates in
a ratio of between 8:1 and 15:1, depending on the
concentration of the starting supply. | .
Forced-flow electrophoresis and electrodecantation,
according to this invention, have been performed using
the components of equipment as described in U.S. Pat.
No. 3,079,318. Three different modes of operation
have been successfully used. These are schematically
illustrated in the figures which are schematic presenta-
tions of the side views of the membranes and filters
used in this type of apparatus. The figures do not show
the spacers maintaining the components in their proper
place, which may include the inlet and outlet means.
The solid lines represent membranes which are of the
type generally used in passive dialysis, i.e. electrically
neutral membranes, such as regenerated cellulose sold
under the trade name “Visking” by Union Carbide.

The broken line represents filters. These can be of
‘many different types, including filter paper (for in-

stance Whatman No. 54), microporous filters as sold

branes, above described, is that filters are permeable to
proteins -and permit gross liquid flow through them.

- Membranes, on the other hand retain proteins and do

635

not allow gross liquid flow through them, but only slow
ultrafiltration. The arrows in the figures indicate the
direction of the flow of the liquids through the appara-
tus. - | o
FIG. 1 illustrates the electrodecantation mode, while
FIGS. 2 and 3 illustrate two modalities of forced-flow
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electrophorests, differing in the location of the feed
inlet. These two modalities differ little in their results
and may be used interchangeably.

The figures also illustrate the essential difference
between electrodecantation and forced-flow electro-
phoresis. In forced-flow electrophoresis the filters sepa-
rate each electrophoretic compartment into. two sub-
compartments. The filters act, essentially as frictional
boundaries between downward and upward flowing
portions of liquid, and thus add substantially to the
efficiency of the procedure. While, therefore, forced-
flow electrophoresis 1s the preferred technique, essen-
tially simtlar results are achieved by electrodecanta-
tion.

A desirable element in the process though not essen-
tial, 1s the separation of individual electrophoretic com-
partments from each other by channels for the flow of
suitable electrolyte. The electrolyte primarily provides
for maximum of internal cooling of the apparatus, and
to this purpose, the electrolyte 1s circulated through an
external refrigerating heat exchanger.

It 1s preferred that this electrolyte be a butfer, and
that the same considerations apply to it as discussed
above with regards to the buffering of the protein solu-
tion being processed. Thus, phosphate, glycine, sodium
octanoate, or other buffers can be utilized. The electri-

cal conductivity of the buffer should be of the same.

10
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order as the conductivity of the protein solution being

processed to assure a relatively uniform electric field
throughout the apparatus. This buffer aiso plays an

additional important role in the fractionation of al-

cohol-containing protein -solutions. By diffusion
through the membranes, a substantial part of the alco-

hol can be eliminated from the effluent protein solu-

tions, where it 1s undesirable.

"EXAMPLE |

~This example demonstrates the difference between
euglobulins and euglobulin-like matenals, 1.e. the dif-
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EXAMPLE II

This example demonstrates the recovery through
desalting of an albumin-enriched fraction from the
so-called Cohn II + III supernatant fraction, obtained
by precipitation of plasma with 18% alcohol. It also
demonstrates the advantage of selective redissolution
of part of the albumin, precipitated with the euglobu-
lin-like fraction, and the effects of electrical resistance
and pH on the purity of fractions thus obtained. Two
liters of the Cohn II + III supernatant were desalted as
in experiment I, and separated into 100 ml. alquots.
Each aliquot was processed separately, all liquids being
kept at 0°C throughout, even during centrifugation.

After thorough desalting, the resistance of the pro-
tein solution was 240,000 ohms-cm, pH 5.2. In some
samples the resistance was decreased by the addition of
concentrated sodium chloride, which had but neglhigi-
ble effect on pH. In two samples the pH was raised by
the addition of sodium hydroxide. This also resulted in
a significant lowering of resistance. After these adjust-
ments, all aliquot samples were centrifuged, decanted

~and the precipitate washed in half of the original vol-

ume of either distilled water, or an alcohol solution of
indicated concentration. The precipitate was thor-
oughly resuspended in this wash, and the resulting sus-
pension was again centrifuged. The supernatant is the
‘recoverable albumin’, while the residue 1s the precipi-
tate. Data in Table I show ‘the resulting albumln content
In all fractlons - -

TABLE I

[t can be readily seen that the purity of the recovered
albumin is strongly influenced by the alcoho!l content of
the suspension medium. While precipitates may still
have relatively high albumin content, the loss of albu-
min, considering the small weight of the precipitate is
less than 8% of total albumin, the recovery being in
excess of 90% in all instances.

TABLE I

Effect of pH, resistance and alcohol content on purity of protein fractions.

Sample No. Spec. resistance pH Supernatant Wash Recovery Precipitate
(ohms-cm) Alb. % % alcohol % alb. % alb.
l 240,000 5.2 95.5 15 93.1 70.5
2 240,000 5.2 95.3 10 95.9 62.5
3. 240,000 5.2 95.8 5 91.0 35.0
4 240,000 5.2 97.0 0 85.2 37.4
3 100,000 5.3 94.6 0 81.4 354
6 45,000 5.3 96.0 O 83.5 33.4
7 21,000 5.3 92.8 0 79.5 27.5
8 10,000 5.3 92.1 0 71.2 2.5
9 6,300 5.3 96.2 O 62.4 9.2
10 58,000 5.4 94.9 0 74.6 3.1
11 30,000 5.7 91.2 0 60.2 3.2

ference between precipitation of desalted proteins in
absence or presence of 10% alcohol. Two liters of bo-
vine plasma were desalted in an electrodialysis cell

consisting of two pairs of cationic and anionic mem-

branes, 9 X 10 inches, until the specific electrical resis-
tance of 200,000 ohms-cm, at pH 5.2 was reached. A
voluminous precipitate was obtained, which was centri-
fuged at 0°C. Analysis of the supernatant showed the
presence of 84% albumin, with still about 4% of gamma
globulins. The addition at 0°C of 10% alcohol by vol-
ume to the supernatant resulted in a second precipita-
tion, which again was centrifuged off at the same tem-
perature. The resulting supernatant then analyzed 95%
albumin, and less than 0.5% gamma globuhn.
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EXAMPLE III
This example shows the effect of the temperature

‘during the separation of the euglobulin-like precipitate

from the alcohol-containing plasma. The starting mate-
rial was the same as in experiment II, i.e. thoroughly .
desalted Cohn II + IIl supernatant. This was divided
into 100 ml. aliquots, and centrifuged at the indicated
(Table II) temperatures. All precipitates were resus-
pended 1n an equal volume of 10% alcohol in distilled
water, and centrifuged a second time. This washing
step was repeated a second time, giving a second recov-
erable albumin fraction and the final precipitate. All
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steps were carried out with strict control of témpe;ra—'

ture, as indicated, the data is reported In Table I1.
' TABLEII o

Percent albumin at the
indicated temperatures

oo

Sample (0°C)  (5°C) - (10°C) - (15°C)
- 'lst supernatant. 977 940 91,8 .. 855
“lstrecovery - . - 94,1 91.2. 90,1 855
~ 2und recovery .. 892 823 781 78.0.
‘Precipitate - 17.5- 102 8.5 5.0

 EXAMPLE IV

This example illustrates the application of the pro-
cess of the invention for the preparation of an albumin
concentrate, using the steps of desalting of an alcohol-
containing plasma protein fraction, separation of a
euglobulin-like protein precipitate, recovery of par-

tially precipitated albumin by a washing process in.10% g
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water, and thoroughly desalted according to Example L.
Then 1 liter of alcohol was added, while keeping the -

solution at 0°C. This resulted in formation of a copious

 precipitate. The supernatant was clarified by centrifu-

135

alcohol, and, finally, concentration, and further purifi-

cation using forced-flow electrophoresis. of the com-
bined supernatants from the first: euglobulin-like pre-

cipitation and recovered protein. o

The starting material was 10 liters of so-called Cohn
Fraction IV-1 supernatant which is a later intermediary
step in the current scheme of alcohol fractionation.

The starting material was first desalted as in Example I,

using a five membrane-pair cell assembly: The precipi-
tated euglobulin-like fraction -was centrifuged and
washed twice with one liter aliquots of a 10% solutton

“of alcohol in distilled water. The supernatants of this

albumin recovery step were combined with the super-

supernatants were adjusted to pH 7.5 -using sodium
hydroxide and concentrated by forced flow electropho-
resis, using an assembly of five cells of the type. illus-

‘trated in FIG. 2, yielding a bottom concentrate of albu-

min and a top effluent fraction. The results of the frac-
tionation are recorded in Table m. .

 TABLEII

L

The albumin concentrate had only 5% alcohol con-

tent, while the original feed, namely the Cohn fraction

IV-1 had 40% alcohol content. Thus, the forced-flow

“concentration resulted in significant decrease of alco-

25

gation, and was found to contain about 1.6% of albu-
min, at 90.5% purity. A total of 180 gms of albumin
were recovered from the 2,000 gms, .of paste, having a |
total content of albumin of about 320 gms. Thus, over
50% of albumin normally wasted was recovered.,.
We claim: .
1. A process for the fractionation of liquid solutions.
of protein mixtures selected from the group consisting
of plasma, serum and fractions derived therefrom
which includes the steps of (a) subjecting such solu-
tions to electrodialysis in the pH range 4.8 to 6; (b)
conducting said electrodialysis at temperatures below
15°C; (c) continuing said electrodialysis until the spe-
cific resistance of the resultant mixture exceeds 1000

~ ohm-cm and a fraction of said protein -mixture precipi-

tates; (d) separating the precipitate from the superna-
tant soluble protein solution; and (e) recovering said
supernatant soluble protein solution. B

-

2. The . process according to claim 1 wherein the

specific resistance of the resultant mixture ypon com-

pletion of the electrodialysis is in the range 50,000.to
200,000 ohm-cm and the temperature is maintained
below about 5°C. - | | S

'3. The process according to claim 2 wherein, the

~ desalting electrodialysis is conducted until the final pH

30

natant from the first centrifugation. The combined

45

 hol content due to dialysis. Desalting does not alter
- alcohol content. o S

5.3 = 0.2 is reached, this being the isoelectric point of

“euglobulin and/or euglobulin-like proteins.

4. The process according to claim 3 wherein the
precipitated fraction separated at (d) is the euglobulin
or euglobulin-like proteins in plasma. -

5. The process according to claim 1 wherein said
plasma derived protein mixture is an albumin-contain-

ing fraction obtained by the Cohn alcohol process of

plasma fractionation, such as the Cohn II + 11l superna-

 tant fraction, said fraction containing at least 20% alco-
a0

hol content, whereby the euglobulin and euglobulin-

like fraction caused to precipitate by the electrodialysis '

process and separated at (d) includes mainly alpha and

beta globulins, thus resulting in greater purity of albu-

min in the recovered soluble protein fraction.

~ 6. The process according to claim § wherein recov-

ered desalted supernatant soluble protein solution from '

(e) is treated with alcohol to precipitate its.protems,
consisting mainly of albumin. .

This experiment illustrates the new 'methodolc)gy
~used to recover valuable fractions from presently re-

jected materials. The starting material were 2,000 gms
of wet precipitate from the so-called step V-4 of the

Cohn alcohol fractionation scheme. This material con-

tains mainly alpha and beta globulins, but also contains

10 to 20% of alcohol content, this alcohol content in

TABLEII
- .Pfeparatiﬂn of albumin concentrate from Cohn Fraction IV-L |
‘Sample  Volume Proteins Albumin Total Total Yield -
S (L)}  concentr. % - Protein ‘Albumin Albumin -
- (gms/L) (gms) - (gms) %
‘Supply 10 232 9.6 232 210 0 —
~ Albumin 125 1675 965 - 2094 200.8  95.7
Precipit. . - 0.4 54.6 403 219 - 8.8 4.2
Effluent 12 3. ..40.0 3.6 14 0.7
EXAMPLE V 60 7, The process according to claim 1 wherein the

electrodialyzed solution or suspension is adjusted to a

electrodialyzed plasma or plasma-derived solutions or

suspensions causing optimal fractionation of euglobulin

65 or euglobulin-like proteins from supernatant soluble

- proteins, and resulting in higher albumin purity in the '

" between 40 and 50% of albumin, which is presently

wasted. This precipitate was suspended in 10 liters of

supernatant fraction and separating and recovering
said supernatant fraction. . R
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8. The process: accordmg to claim 5 wherein the

recovered euglobulin or euglobulin-like material is
partially redissolved.in a 5 to 15% alcohol- -containing
solution and the resulting supernatant protein solution
i1s combined with the recovered albumm -containing
soluble: protein fraction.

9. The process according to claim 1 wherein the
recovered supernatant. soluble protein solution from

(e) 1s further treated by buffering at the pH range of
optimum protein electrophoretic mobility and then

treated by an electrofield separation step.

10. The process according to claim 9 wherein the
electrofield separation step 1s an electrodecantation.

11. The process according to claim 9 wherein the
electrofield separatlon step 1S a forced flow electropho-
resis step. |

12. The process according to claim 1 wherein the
prec1p1tated fraction separated at (d) is redissolved by
the addition of alkali solution to raise the pH to about
6 and then again electrodlalyzmg the redlssolved pre-
cipitated fraction. - -

13. The process according to claim 9 whereln the
buffers employed are amphoteric, these amphoteric
buffers’ hav1ng hlgh buffering capacity and contributing
little to Increasing the Speclfic electrlcal conductwlty of
the solution. -
- "14. The process according to clalm 13 wherein said
amphoteric buffer is selected from the group consisting
of tris (hydroxymethyl) aminomethane, glycine, ala-
nine, glycyl-glycine, diglycyl-giycine. |

15. The process according to claim 9 wherein said
buffered product of the dialysis step is divided during
said electrofield separation process into a top and bot-
tom effluents as a result of said separation process and
the flow rates of said top and bottom efﬂuents are
maintained at a ratio of 8:1 to 15:1.

16. A process according to claim 1 for the prepara—
tlon of an albumin. concentrate suitable for use as a

plasma extender which comprises the steps of treating

plasma with alcohol to precipitate and eliminate the
Cohn II and HI fractions, subjecting the supernatant to
electrodialysis at temperatures below about 5°C until
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all euglobulins : and euglobulm like fractlons have been
prec1p1tated |
separating and recovermg the precipitated fraction
and the supernatant soluble proteln solution, mix-
ing the precipitated fractions in a 5 to 15% alcohol-
containing solution, separating the residue from
 the supernatant to yield an albumin-rich superna-
tant, combining said albumin-rich supernatant‘liq-
uid with supernatant soluble protein solution, buff-
ering said combined liquids at the pH of opttmum
protein electrophoretic mobility and introducing
said buffered liquid into an electrofield separation
apparatus having an influent and top and bottom
effluents, supplying an electrical potential to said
apparatus to separate protein fractions contained
in said buffered liquid between the top and bottom
effluents and collecting the -albumin concentrate |
from said bottom effluent. .
17. The albumm concentrate prepared accordmg to |
clamm 16. S | |
18. An albumln concentrate from plasma for use in
the preparation of plasma extenders, consisting of at

least 90% albumin, said concentrate being substantially

free from ionic salts, euglobulins and euglobulin- llke |

) materials.

19. A process for the fractlonatlon of aqueous pro~
tein solution mixtures from naturally occuring biologi-
cal fluids which includes the step of (a) subjecting said
solution mixtures to:deionizing electrodialysis at a pH
range of = 0.2 of the isoelectric point of said mixtures
and ‘at temperatures below 15°C; (b) continuing said
deionizing dialysis until substantially all ionizable salts
are removed from said mixture as indicated by the
specific resistance of said dialysate increasing to above
50,000 ohm/cm; . (c). separating the precipitatedpro{
teln-fractlon which is insoluble in the resulting deion-
ized supernatant soluble protein fraction solution.

- 20. The process according to claim 19 wherein said
protein solution mixture is derived from the class of
naturally occuring biological fluids in the group con-
sisting of milk, whey, urine, spinal fluid, egg white,

blood plasma, serum and mixtures thereof.
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